Abstract: Objective Inflammation at the level of the sensory dorsal root ganglia (DRGs) leads to robust mechanical pain behavior and the local inflammation has direct excitatory effects on sensory neurons including small, primarily nociceptive, neurons. These neurons express the transient receptor potential vanilloid-1 (TRPV1) channel, which integrates multiple signals of pain and inflammation. The aim of this study was to characterize the regulation of the TRPV1 channel by local DRG inflammation and by growth-related oncogene (GRO/KC, systemic name: CXCL1), a cytokine known to be upregulated in inflamed DRGs. Methods Activation of the TRPV1 receptor with capsaicin was studied with patch clamp methods in acutely isolated small-diameter rat sensory neurons in primary culture. In vivo, behavioral effects of TRPV1 and GRO/KC were examined by paw injections. Results Neurons isolated from lumbar DRGs 3 days after local inflammation showed enhanced TRPV1 function: tachyphylaxis (the decline in response to repeated applications of capsaicin) was significantly reduced. A similar effect on tachyphylaxis was observed in neurons pre-treated for 4 h in vitro with GRO/KC. This effect was blocked by H-89, a protein kinase A inhibitor. Consistent with the in vitro results, in vivo behavioral responses to paw injection of capsaicin were enhanced and prolonged by pre-injecting the paw with GRO/KC 4 h before the capsaicin injection. GRO/KC paw injections alone did not elicit pain behaviors. Conclusion Function of the TRPV1 channel is enhanced by DRG inflammation and these effects are preserved in vitro during short-term culture.
Introduction
Molecules produced during inflammation, including prostaglandins, acids, bradykinin, neurotrophic factors, and cytokines, may contribute importantly to pain states via their direct actions on sensory neurons. Although pain conditions and preclinical pain models are often categorized as either inflammatory or neuropathic (i.e., due to nerve injury), it has become clear that inflammatory processes may also contribute importantly to neuropathic pain conditions.
In order to study the direct effects of inflammation on sen- increased excitability and spontaneous activity of sensory neurons; and large increases in several pro-inflammatory cytokines within the DRG [1, 2] . We have been particularly interested in the cytokine growth-related oncogene (GRO/ KC; systemic name: CXCL1; also called CINC-1) which is thought to play a role in the rat similar to that played by interleukin (IL) 8 in humans. This cytokine was noteworthy because of its very early and large upregulation in the LID [1] as well as in several other pain models, including the spinal nerve ligation model [3] which does involve axonal damage. Excitatory effects of LID on small-diameter, presumptive nociceptors could be preserved in short-term culture. Patch clamp experiments showed that both LID [4] and incubation with GRO/KC [5, 6] caused large increases in voltage-gated Na + and K + currents, with the overall effect being an increase in excitability. These in vitro effects of GRO/KC were not acute, but required an incubation period and were blocked by protein synthesis inhibitors.
Another important channel that regulates nociceptor function is the transient receptor potential vanilloid-1 (TRPV1) channel. This channel, found in most nociceptive neurons, was originally cloned on the basis of its ability to be activated by capsaicin, the active ingredient in hot peppers. Because it can also be activated by temperatures near the threshold for noxious heat, TRPV1 was initially thought to be simply the receptor for detecting noxious heat. However, subsequent research has revealed a much broader role for this channel, particularly in the context of inflammation. Myriad endogenous inflammatory mediators can activate or sensitize this channel, either directly or indirectly, including acids, prostaglandins, bradykinin, substance P, lipoxygenase/cyclooxygenase products, nerve growth factor and other neurotrophins [7] [8] [9] . TRPV1
plays an important role in inflammation-induced thermal hyperalgesia. Of importance to the present study, TRPV1
may also play a role in mechanical allodynia and hyperalgesia, as indicated by the reduction of these behaviors by TRPV1 blockers. TRPV1 is found in both the peripheral and central terminals of sensory neurons and in some cases TRPV1 blockers work at the level of the spinal cord rather than at the peripheral terminals to relieve mechanical pain (see Discussion for references).
Many in vitro studies, including those in heterologous expression systems, have clarified the molecular aspects of TRPV1 function. When activated by capsaicin, TRPV1-mediated currents show both desensitization (defined here as a decline in the current during maintained application of capsaicin), and tachyphylaxis (a declining response to repeated brief applications of capsaicin). The two processes, though mechanistically distinct, both depend on calcium entry and are regulated by protein kinases and phosphatases [7, 10, 11] .
In this study, we investigated the effects of DRG inflammation on the TRPV1 channel in rat sensory neurons.
In view of the previous findings that GRO/KC is strongly upregulated in this and other pain models, here we also investigated the effects of GRO/KC on TRPV1 in vitro and in vivo. based on a previously published description [1] with modifications [2] . Briefly, rats were anesthetized with isoflurane, and an incision was made along the spine from vertebral levels S1 to L3. The L4/L5 intervertebral foramina were visualized after separating the paraspinal muscles. For behavioral experiments, only the L5 DRG was inflamed.
To generate inflamed DRGs for acute culture, both L4 and 
Behavioral testing
To measure the response to capsaicin, paw flinches were counted for a 2-h period after capsaicin or vehicle injection, beginning 5 min after the injection when the brief isoflurane effect diminished. In some experiments, mechanical sensitivity was tested by applying a series of von Frey filaments to the heel region, using the up-and-down method [12] . A cutoff of 15 g was assigned to animals that did not respond to the highest filament strength used. Thermal sensitivity was measured using the method of Hargreaves et al. [13] . Although larger, male animals were used for behavioral experiments for ease of surgical manipulations and the lack of confounding hormonal cycles, the younger, female animals were used for electrophysiological recording because they were found to have less connective tissue and provided a higher yield of cultured neurons. However, we have previously found that the behavioral response to DRG inflammation is similar in young females, as used for the electrophysiological recordings, and in older males as used for most behavioral experiments [2] . Samples were analyzed independently using LinRegPCR analysis software [15] which determines baseline, Cq values, and amplification efficiencies directly from the amplification curve. 
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Results
LID reduced tachyphylaxis of capsaicin responses
Small-diameter sensory neurons were acutely cultured from either lumbar DRGs from normal animals, or from ganglia that had been locally inflamed with zymosan/IFA 3 days prior. Currents were evoked by short (10 s) pressure ejection applications of 0.5 µmol/L capsaicin. In control cells such applications induced a large inward current at -60 mV (Fig. 1 ). The average current density of the response was not significantly different between normal and LID cells. Responses declined when subsequent pulses were applied at 3-min intervals. This tachyphylaxis was quantified by normalizing the second and third responses to the first response of the same cell; on average, the second response was 38% of the first, and the third was only 28%. However, in cells isolated from inflamed DRGs, there was a striking reduction in tachyphylaxis, such that the second response was 74% of the first (Fig. 2 ).
In vitro GRO/KC incubation reduced tachyphylaxis
The effects of the pro-inflammatory cytokine GRO/ KC (CXCL1) were assessed in sensory neurons isolated from normal DRGs and maintained in acute primary culture. Cells were pre-incubated with 1.5 nmol/L GRO/KC for at least 4 h before recording. GRO/KC was not present during the recording. This concentration and pre-treatment protocol were chosen based on our previous studies [5, 6] , which showed that GRO/KC at this concentration increases excitability in current clamp recordings and modulates Na + and K + currents if pretreatment is used, but that these effects do not occur during acute application. GRO/KC pretreatment did not significantly affect the amplitude of the response to the first injection of capsaicin (Fig. 3) , but reduced the tachyphylaxis observed during a subsequent application (Fig. 4) . fold (P = 0.125) and CXCR2 upregulation of 1.3 fold (P = 0.055) were not statistically significant.
Protein kinase A (PKA) inhibitor blocked the GRO/ KC effect on tachyphylaxis
As an initial examination of 5 ). Previous studies have demonstrated that H-89 has no effect on the initial capsaicin response or degree of tachyphylaxis when applied alone, in the absence of PKA activators [16, 17] . time point (two-way ANOVA), so their data were combined (Fig. 7) . Neither GRO/KC nor normal saline injection alone caused any paw flinching. In addition, GRO/KC injection did not affect the thermal or mechanical sensitivity when tested 4 h after injection (Fig. 6 ). However, GRO/KC pre-injection caused a marked enhancement and prolongation of the response to subsequent capsaicin injection (Fig. 7) .
Pre-injection of GRO
Discussion
In this study, the effects of localized inflammation on DRG neurons were preserved in vitro, after isolation and culture: cells cultured from inflamed DRGs had reduced tachyphylaxis in response to repeated applications. Decreased tachyphylaxis was also reported in sensory neurons isolated from rats in another pain model, the diabetic neuropathy model [18] ; this study also reported an increased amplitude of the first capsaicin response in contrast to our study. Increased current density was reported in sensory neurons isolated from a cat model of interstitial cystitis pain [19] . That study did not examine tachyphylaxis but as well as when the two molecules are co-expressed in a heterologous expression system [20] . Acute application of nerve growth factor (NGF), an important pro-nociceptive factor that is upregulated in pain models, causes decreased tachyphylaxis in cultured DRG neurons to a degree quite similar to that reported here [21] . This effect is likely dependent on protein kinases though there is some controversy about which kinases are most important. NGF also regulates TRPV1 density on a more long-term basis, possibly by regulating trafficking [22] . Other nerve growth factors can also reduce the tachyphylaxis to capsaicin when applied acutely [23] . In the present study, we focused on the effects of longer-term incubation with GRO/KC, as this may more closely mimic the in vivo situation in which such cytokines can be elevated for at least several days [1] . We previously showed that longer (hours) incubations with GRO/KC cause changes in membrane excitability and voltage-gated Na + and K + channels which are not mimicked by acute (minutes) applications [5, 6] . Activation of PKA has previously been shown to reduce the tachyphylaxis of capsaicin responses in both neurons and expression systems [7, 24] . This prompted us to test the effect of the PKA inhibitor H-89, which we found blocked the GRO/KC-mediated reduction in tachyphylaxis.
The primary receptor for GRO/KC is CXCR2 [25] . This receptor is generally considered to act via phospholipase C (PLC)-or G i -coupled pathways, not by direct stimulation of adenylate cyclase via G αs . However, there are several pathways by which CXCR2 might ultimately activate the PKA pathway.
For example, some subtypes of adenylate cyclase can be activated through released G βγ subunits. In the chemotaxis pathway in neutrophils, CXCR2-activated phosphorylation of the receptor-interacting protein VASP is mediated through PKA [26] . Perhaps most relevant to this study, in mouse DRG neurons, reduction of TRPV1 tachyphylaxis by the metabotropic glutamate receptor 5 (another receptor generally considered to activate PLC rather than adenylate cyclase) has also been shown to be dependent on PKA; in this case the PKA activation is several steps downstream of PLC, going through the prostaglandin E2 pathway [27] .
Enhanced activation of the TRPV1 receptor in the context of inflammation not only is important for thermal hyperalgesia, but may also play a role in mediating mechanical allodynia. This is relevant to the current study because the LID model, which enhances TRPV1 responses, shows marked mechanical hypersensitivity and allodynia but little thermal hypersensitivity [1] . One mechanism by which TRPV1 may regulate mechanical pain is through TRPV1 receptors in the central terminals of the sensory neurons. Hence, intrathecal application or release of endogenous TRPV1 activators in the spinal cord has been demonstrated to evoke mechanical allodynia [28] while intrathecal TRPV1 antagonists relieve mechanical allodynia [29] [30] [31] . More generally, pharmacological antagonism of TRPV1 attenuates mechanical pain in several models, albeit with some differences between species [32] [33] [34] [35] . Hence it is possible that the decreased TRPV1 tachyphylaxis after inflammation of the DRG as demonstrated here contributes to the mechanical pain induced by this model.
